Abstract
Introduction

48
Aging is associated with the development of glomerulosclerosis and tubulointerstitial 49 disease in humans and rodents (12, 23, 35) . Interestingly, aging-associated renal injury can vary 50 greatly, and some individuals may show minimal reduction in kidney function and relatively 51 preserved kidney histology with age. This raises the possibility that some of the "normal" 52 deterioration in renal function during the aging process observed in western cultures may be 53 subtle renal injury driven by diet or other mechanisms.
54
The ingestion of sugar has been associated with albuminuria in humans (3, 4, 31) . Sugar shown to accelerate pre-existent kidney disease (9, 26) . Fructose metabolism also results in the 61 generation of uric acid, and this is associated with the development of afferent arteriolar disease 62 with loss of autoregulation, resulting in glomerular hypertension (29, 30) . While most studies 63 have focused on dietary fructose, fructose can also be generated in the kidney and liver by the 64 aldose reductase-sorbitol dehydrogenase polyol pathway, and modest fructose levels can be 65 detected even in fasting animals (13, 21) . Indeed, fructose can be generated in the kidney in 66 diabetes or with dehydration, and in both situations may lead to local renal damage. (20, 28) 
67
We hypothesized that some of the renal damage associated with aging could be due to 68 fructose-dependent renal injury, even in the absence of dietary fructose. To investigate this 69 hypothesis, we studied aging wild-type mice and aging mice that could not metabolize fructose 70 via the fructokinase-dependent pathway (fructokinase knockout, also known as ketohexokinase 71 knockout (KHK-A/C KO mice). KHK-A/C KO mice have a normal phenotype when young (6), 72 but have not been examined in the aging state. 
Materials and Methods
75
Experimental Protocol and Animals. Ketohexokinase-A and -C knockout (KHK-A/C 76 KO) mice of C57BL/6 background and lacking both ketohexokinase-A and ketohexokinase-C,
77
were originally provided by David Bonthron at Leeds University (6). KHK-A/C knockout 78 homozygous mice and wild-type (WT) litter mates (male, 24 to 25 month old) were used. They 79 were maintained in temperature-and humidity-controlled specific pathogen-free conditions on a 80 14-hour dark/10-hour light cycle. Both WT and KHK-A/C KO mice were fed regular diet ad 81 libitum (Harlan Teklad; no. 2918, containing 58 percent carbohydrate, 24 percent protein, and 18 82 percent fat and containing minimal (<5%) of fructose or sugar), with free access to tap water.
83
Two experimental studies were performed. In the first set of experiments, WT and KHK-
84
A/C KO mice (n = 7 per group) underwent urine collection using a metabolic chamber 85 (Techniplast, Philadelphia) at 24 months of age, and were sacrificed at 25 months with collection 86 of kidney tissues and serum. A second set of studies were done in which 24 month old WT and 87 KHK A/C KO mice (n = 5-6 per group) were challenged for 3 weeks with a high salt load (1%
88
NaCl in water with 0.04% sucralose). Systolic and diastolic blood pressure was assessed weekly 89 during the period of high salt intake by tail cuff sphygomanometry (Visitech BP2000; Visitech
90
Systems, Apex, NC); mice underwent conditioning prior to any measurements being taken.
91
Urine was collected from metabolic cages at 18 to 20 months of age, and again both before and 92 after high salt intake. Mice were sacrificed at 25 months of age by anesthesia and cardiac 93 exsanguination with serum and kidney tissues collected for analyses.
94
All experiments were conducted with adherence to the NIH Guide for the Care and Use 95 of Laboratory Animals. The animal protocol was approved by the Animal Care and Use 
125
Western blotting. Kidney lysates from wild type and KHK-A/C KO mice were 126 homogenized in mitogen-activated protein kinase lysis buffer as previously described (19).
127
Briefly, tissues (~50 mg) were homogenized in 500 μl of buffer containing 0.5% triton X-100, (Figure 2) . Furthermore, no tubuluolinterstitial disease was noted in either group.
166
Effect of High Salt Diet on Aging Mice. Aging-associated renal disease is known to be 167 associated with decreased functional reserve and increase susceptibility to salt-sensitive 168 hypertension. We therefore performed a second set of studies to determine if aging mice lacking 169 fructokinase might be protected from high salt intake. In these studies 2 year old aging WT and 170 KHK A/C KO mice were administered a high salt diet (1 percent NaCl with 0.04% sucralose to 171 stimulate drinking) for 3 weeks. Baseline systolic blood pressure and pulse prior to salt loading 172 were lower in the KHK A/C KO mice (Figure 3) . During the three weeks of high salt intake, the 173 mean intake of salt water was equivalent between two groups (Figure 3) . At the end of the 3 174 weeks, the animals were sacrificed and assessed for blood pressure, renal function and injury.
175
Renal function (as noted by HPLC-determined serum creatinine) were not different between WT 176 and KHK A/C KO mice. However, albuminuria was markedly higher with salt loading in both 177 WT mice and KHK A/C KO mice compared with baseline levels, with WT mice showing more 178 than twice the level of proteinuria as KHK A/C KO, although this was not significant due to the 179 wide range of values in the WT mice (Figure 4) . In addition, there remained a difference in 180 systolic BP (Fig 4D) , although both groups showed an increase in blood pressure at a similar 181 degree over the three week period (Figure 4) .
182
Despite no differences in measured renal function, marked differences in renal injury Fructose and Uric acid Levels. We also measured both serum and renal fructose and 200 uric acid levels in the first set of aging mice. As shown in Figure 7 , fructokinase knockout mice 201 had higher serum fructose levels consistent with their reduced ability to metabolize fructose (13).
202
However, there was no difference in renal fructose or serum or renal uric acid levels. reductase is activated by glucose, salt, or dehydration (20, 21, 28 ). Hence, we tested the 215 hypothesis that blocking fructose metabolism might reduce aging associated kidney disease even 216 when the diet is very low in fructose.
217
The first observation was that fructokinase knockout mice appeared healthy and there where a lack of fructokinase has been shown to have a benefit on fatty liver and metabolic 225 syndrome (14). We did observe a slightly lower body weight in the second set of aging 226 fructokinase knockout animals compared to wild type littermates, but since this difference was 227 not observed in the first set of mice, it remains unclear if a lack of fructokinase might be 228 associated with slightly lower body mass with aging.
229
The primary finding from our study was that mice lacking fructokinase were relatively 230 protected from developing aging-associated kidney damage. Aging wild-type littermates 231 developed slightly elevated systolic blood pressure, a higher pulse, and variable albuminuria that 232 were significantly greater than that observed in the fructokinase knockout mice. While we could 233 not document differences in renal function, histologically there were substantial differences.
234
First, the wild-type mice had mild mesangial expansion (noted by type IV collagen staining), 235 mild glomerular hypertrophy, and focal thrombi observed in the majority (85%) of mice. In 236 contrast, the fructokinase knockout mice showed less glomerular matrix expansion and almost no 237 thrombi that was statistically significant. Indeed, glomeruli generally appeared normal in the 238 fructokinase knockout mice.
239
We also performed a second study in which aging mice were challenged for three weeks 240 with a high salt diet. High salt intake is known to increase glomerular filtration rate, 241 hypertrophy, and proteinuria in subjects, especially those who are salt-sensitive including the 242 elderly (2). Perhaps not surprisingly, we found that high salt diet dramatically increased hyperpolarizing factor (11, 16, 24, 27, 35) . Fructose is also known to mediate endothelial 257 dysfunction, reduce endothelial nitric oxide levels, transiently reduce eNOS protein, and block 258 acetylcholine-induced dilation of aortic rings (10, 25). It was thus of interest that the fructokinase 259 KO mice showed higher expression of phosphorylated eNOS with higher urinary nitrate/nitrite 260 excretion. That preservation of eNOS may account for protection is supported by a study in 261 eNOS knock-out mice who also develop glomerular injury and thromboses at age 13 months
262
(approximately a year younger than wild type mice) (27).
263
A limitation of the study is that we could not specifically show evidence for fructose 264 metabolism in the aging mice. Specifically, we found similar levels of fructose and uric acid in 265 the kidneys of aging WT and KHK A/C KO mice. However, it is likely that the blockade of 266 fructokinase acted by preventing fructose metabolism, as fructose is the only common sugar 267 metabolized through the fructokinase pathway. A second limitation of the study was that it was 268 only performed in male animals (1), which are known to be more susceptible to kidney damage,
269
and whether similar protection would be observed in female mice is not known.
270
In summary, these studies raise the possibility that some aging-associated renal changes 271 may not represent the consequences of age-related degeneration, but rather may involve active 272 metabolic processes that can be potentially interrupted. Second, these studies alert one to 273 consider that one might not simply consider dietary fructose as a potential nephrotoxin, but 274 rather that generation of endogenous fructose may have a stealth role in driving kidney disease.
275
Indeed, endogenous fructose has already been implicated in both diabetic nephropathy and in salt loading, no differences were observed in either serum creatinine or urine NGAL, but urinary 456 albumin/creatinine ratio tended to be higher in WT mice compared with KHK A/C KO mice (Fig 
457
A-C). However, after three weeks of salt treatment there remained significant differences in 458 systolic BP (Fig D) and pulse rate (Fig E) . (Fig C, PAS) . Wild-type mice showed greater mesangial 463 hypercellularity (Fig B) , mesangial matrix expansion (as noted by type IV collagen 464 immunostaining, Fig D) , and mesangial alpha smooth muscle actin expression ( Figure I ) than
465
KHK A/C KO mice (Fig F and J, respectively) . Quantitation of the histologic changes confirmed 466 increased glomerular tuft area (Fig G) , mesangial type IV collagen deposition (Fig H) , and wild-type and fructokinase knockout mice at 2 years. Serum fructose levels were higher in the 480 fructokinase knockout mice (KHK KO). Otherwise no differences were observed between these 481 two groups of mice. *, P < 0.05. N.S., not statistically significant. 
